T h e asymmetrical distribution of neurotransmitter transporters on the cell surface of neurons seems to be a generalized feature of these proteins, and is thought to be important for an appropriate removal of neurotransmitters from the extracellular milieu. To study the subcellular distribution of the glycine transporter isoforms ( G L Y T l a , G L Y T l b , GLYT2a and GLYT2b), these proteins were expressed in epithelial cells [Madin-Darby canine kidney (MDCK) cells] and in cultured hippocampal neurons, as models of polarized cells. T h e localization of the transporters was assessed by immunofluorescence assays. Our results indicated that the subcellular distribution of glycine transporters is dependent on both the protein isoform and the cell type. By using sitedirected mutagenesis we have been able to identify signals for basolateral/somatodendritic localization in the alternative amino terminal region of G L Y T l and in two di-leucine motifs that are located in the carboxyl tail of this protein. Moreover, the N-glycosylation sites located in the large extracellular loop of G L Y T 2 are involved in apical localization of this protein in polarized M D C K cells. These results contribute to define the mechanisms of asymmetrical distribution of transporters on the cell surface of polarized cells.
Introduction
T h e majority of neurotransmitter types, including the amino acid and monoamine transmitters, are removed from the synaptic cleft by efficient, highaffinity neurotransmitter transporters that are localized in the plasma membrane of the presynaptic nerve terminals and in the surrounding glial processes [ 11. Based on topology, ion dependence and sequence relatedness, high-affinity plasma Key words: N-glycosylation. neurotransmitter, sorting. Abbreviations used : GLYT. glycine transporter: GABA. yaminobutyric acid; MDCK. Madin-Darby canine kidney. 'To whom comspondence should be addressed (e-mail fzafra@cbm.uam.es).
membrane transporters have been classified into two families : the Na+-and CI--dependent transporter family and the glutamate transporter family. T h e former family includes subfamilies for monoamine transporters [the dopamine transporter (DAT), the noradrenaline transporter (NET) and the 5-hydroxytryptamine (serotonin) transporter] and for amino acid transporters [y- aminobutyric acid (GABA) transporters (GAT1, GAT2 and GAT3), glycine transporters (GLYT1 and GLYT2), a proline transporter (PROT) and a taurine transporter (TauT)]. T h e glutamate family includes G L A S T (EAATl), and EAAT5 [2] .
G L Y T s are encoded by two genes that produce several isoforms (GLYTla, G L Y T l b , G L Y T l c , GLYT2a and GLYT2b) [3-81. Each isoform shows a specific distribution pattern in the central nervous system. G L Y T 2 is predominantly expressed in the spinal cord and the brainstem, where its is associated with the presynaptic aspect of glycinergic synapses [9-121. Similarly, G L Y T l is expressed at higher levels in glycinergic areas, but it can also be found in areas devoid of inhibitory glycinergic neurotransmission [5,6,10- 
Subcellular localization of neurotransmitter transporters
T h e subcellular localization of transporters seems to be an important determinant of the impact of transport activity on synaptic function. T h e plasma membrane of neurons can be conceptually divided into the somatodendritic and the axonal domains. Each domain performs specific functions due to the asymmetrical distribution of a number of specific membrane proteins. This functional specialization is generated by sorting and anchoring mechanisms that guarantee the maintenance of the spatial distribution of these proteins [17] . 
Trafficking of GLYT I
T o investigate the subcellular distribution of G L Y T l a and G L Y T l b , we produced M D C K cell lines that are stably transfected with expression vectors for these genes, and the localization of the transporters was assessed by immunofluorescence, biotinylation and vectorial transport assays [27] . Our results indicated the although the proteins were always observable in both surfaces, G L Y T l b was more abundant at the basolateral side, whereas labelling of G L Y T l a was stronger at the apical surface ( Figure 1 ). Because these isoforms differ only in their extreme N-terminal sequence, these experiments indicated the presence of information for asymmetric distribution in this region of the transporter. Di-leucine motifs have been described as basolateral sorting signals for several single-pass membrane proteins in polarized epithelial cells [28-301, but the involvement of this motif in the somatodendritic localization of neuronal proteins is novel. Di-leucine motifs are also present in the cytoplasmic domains of a number of members of the Na+-and CI--dependent neurotransmitter transporter family, such as GAT2, GAT3, D A T and N E T , but its functionality remains unexplored, except for GAT2. In GAT2, the replacement of the di-leucine motif, L5"L5Sy , w ith two alanine residues had no effect on the basolateral localization of this protein [31] .
Trafficking of GLYT2
Immunohistochemistry experiments indicate that GLYT2 is concentrated mainly in the presynaptic aspect of glycinergic synapses. T o investigate the molecular mechanism involved in this asymmetrical distribution, we used M D C K cells as a model because the primary neurons in culture were not able to replicate the axonal localization described in tissue. In M D C K cells, the isoforms GLYT2a and GLYT2b were detected exclusively in the apical surface $gJ~i*&&&&>v .<'. .
T h e carbohydrate moiety of a number of proteins

Schematic representation of glycine transporter isoforms
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GLYT2b is known to be required for apical delivery. (Figure 2 ). T h e activity of the wild-type or mutant forms of G L Y T 2 was assayed first in nonpolarized COS cells [36] . Mutants that were deficient in one glycosylation site sustained glycine transport activities similar to those displayed by the wild-type transporter, indicating that no single N-linked carbohydrate chain is required specifically for the G L Y T 2 function. T h e double and triple mutants retained 74"G and 58",, of wildtype glycine transport activity, respectively. When all four potential glycosylation sites were mutated, a complete loss of activity was observed. These results indicated that the effects of disrupting Nglycosylation sites on G L Y T 2 activity are cumu-Neurotransmitter Transporters: Molecular Mechanism and Regulation lative. T h e progressive decrease in transport activity was not due to a change in the affinity of the transporter for the substrate, as deduced from kinetic analysis of the triple mutant that indicated a decrease in V,,,,, but not in K,,, [36] .
T h e triple mutant was stably transfected into M D C K cells and the protein distribution was analysed by transport and biotinylation assays. Our results indicated that this mutant form of the protein was evenly distributed between the apical and basolateral surfaces of M D C K cells, indicating that full glycosylation is not only necessary for proper conformation and cell surface delivery, but also for asymmetrical distribution in polarized cells, a property that must be physiologically relevant for neuronal proteins that need to be asymmetrically distributed. T h e carbohydrate moiety is involved in apical localization of other proteins [37] , but this has not been reported for neurotransmitter transporters. In fact, the mechanism for apical localization of the GABA transporter GAT3 in MDCK cells has been investigated, and it was shown to depend on the Thr-His-Phe sequence located in the intracellular C-terminal of the protein [31] . T h e nature of the molecular machinery involved in the recruitment of glycoproteins to the apical membrane is largely unknown. A possible mechanism is that N-glycans constitute the apical signal by themselves. Indeed, the insertion of ectopic glycosylation sites in secretory or membrane proteins converted nonpolarized secretory proteins or intracellularlyretained membrane proteins into apical ones [32, 37] . In this model N-glycans would interact with lectin sorters in the trans-Golgi network that would mediate incorporation of glycosylated proteins into apical transport vesicles. Although some candidate lectins have been identified [38, 39] , their role in this process is still unclear. Our observation that the triple G L Y T 2 mutant is distributed in a non-polarized manner despite the presence of a remaining glycosylation site would not support this model for GLYT2, except that the massive reduction in the glycosylation observed in this mutant would also reduce the affinity for lectins and, consequently, the efficiency of apical recruitment. Indeed, a similar observation has been performed for erythropoietin, a secretory protein in which not all glycosylation sites are equally effective in promoting apical sorting [40] . An alternative model, where N-glycans would not constitute a sufficient sorting signal per se, but would play an indirect role by allowing the correct folding and structural stabilization of protein-
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aceous sorting signals, has been proposed [41] . Our observation on the triple GLYT2 mutant would also be compatible with this alternative model.
Conclusions
T h e molecular determinants involved in the asymmetrical distribution of the glycine transporter isoforms have been discussed here. Our data reveal that G L Y T l is localized in the somatodendritic region of neurons or in the basolateral surface of epithelial cells depending on the presence of intact sequences of the N-terminal tail, as well as on two di-leucine motifs that are located in the C-terminal end of the protein. T h e polarized distribution of the axonally located G L Y T 2 depends on the sugar moiety of this protein in the epithelial model. These results contribute to understanding the molecular mechanism of distribution of membrane proteins among the subcellular domains of polarized cells.
